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Introduction
Luminescence properties of derivatives of the dicarba-closododecaborane isomers (1,2-, 1,7-and 1,12-C 2 B 10 H 12 , which are ortho-, meta-and para-carborane 1, 2 and 3, respectively; Scheme 1), [1, 2] have gained much interest recently.
[3] Derivatives carbon atom gave unusual local and charge-transfer emissions indicating that different excited states are generated on photoexcitation. Of all the carboranes investigated, only 2-(diphenylphosphino)-1-phenyl-ortho-carborane, 1,2-diphenyl-ortho-carborane and 1-phenyl-2-(2′-pyridyl)-ortho-carborane are luminescent in the solid state with emissions at 476-612 nm and large Stokes shifts of 12000-13600 cm -1 . The solid-state structures of 1,2-bis(2′-pyridyl)-and 1-phenyl-2-(2′-pyridyl)-orthocarborane were determined by X-ray crystallography.
with meta-and para-carborane groups revealed luminescence properties characteristic of the non-carborane moieties. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The meta-or para-carborane cluster merely plays roles as a spectator, a spacer or an inductively electron-withdrawing group in these molecules or polymers. There are, however, rare exceptions where the clusters are actively involved in the excited states of bis(benzodiazaborolyl)-meta-and -para-carboranes. [9] The ortho-carboranyl group, on the other hand, can be a uniquely strong electron acceptor when connected to a donor at one or both cluster carbon atoms [at C1 and/or C2 in 1,2-C 2 B 10 H 12 (1) ] due to the elasticity of the cluster C1-C2 bond. [14] The ortho-carborane unit can thus play an active role as the acceptor in organic donor-acceptor molecules (dyads). Photoexcitation of such dyads induced a charge transfer from an organic scaffold to the carborane cluster, which either led to luminescence quenching or to charge-transfer (CT) emissions or both -depending on the solvents used and whether the materials were investigated as solids. [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Dual fluorescence with CT and local transitions has been observed in some orthocarboranes. [12, 13, [15] [16] [17] [18] [19] [20] 28] The ortho-carborane unit plays a role similar to meta-and para-carborane clusters in the photophysical process of a compound if there is a stronger electron acceptor than the cluster in these systems, [5, 6, 29, 30] and if the ortho-carborane group is connected to a donor at one or more boron cluster atoms. [7, 28, 31] The ortho-carborane group is a much weaker electron acceptor when bonded at the boron atom (it may even be a donor depending on the position of the attached boron atom). [32] Recently, there have been considerable research efforts on the luminescence properties of iridium complexes with carborane clusters present. [33] [34] [35] [36] [37] Iridium complexes such as Ir(ppy) 3 [38] have been studied in great depth for fifteen years due to their attractive phosphorescence properties as dopants in efficient light-emitting devices (LEDs).
[39] While iridium complexes containing meta-and para-carboranes give subtle effects on the photophysics as expected, [34, 35] those containing the ortho-carborane cluster yield very different luminescence properties provided that it is attached at the cluster carbon atom and is the electron acceptor in the photophysical processes. The luminescence of an iridium complex is therefore quenched or reduced significantly in this case. [35, 36] If the ortho-carborane cluster is not the electron acceptor, it acts as an inductively electron-withdrawing group and can subtly influence the emission wavelength. [34, 36, 37] Here we report our photophysical studies on the three parent carboranes 1-3 and fourteen ortho-carborane derivatives 4-17 with common substituents at the carborane carbon atoms (C1, C2) (Scheme 2). Only ortho-carboranes with substituents are explored here as varied photophysical properties have been noted earlier for ortho-carboranes. All carboranes -apart from 6 and 8 -are shown to fluoresce in cyclohexane and dichloromethane solutions at high concentrations. Thin films of 1-17 made by sublimation onto quartz plates revealed that only three, i.e. 15-17, fluoresce in the solid state.
The carborane dithiol 9 is a well-known precursor to a vast field of metal complexes with carborane-thiolate ligands. [40] Some complexes made from 9 have been shown to luminesce with the carborane cluster acting as a spectator in these luminescence processes.
[41] 1,2-Bis(phenylthio)-ortho-carborane, an analogue of 10 here, has been reported to luminesce at 406 nm. [42] The phosphine 12 is also a precursor to many metal complexes as a bidentate donor ligand, and the closo-carborane cage can, however, be converted into a nido-carborane anion during the reaction. [43] Phosphine 12 itself has been reported to be non-emissive, [44] and luminescent metal complexes containing 12 as ligand have so far been limited to a silver complex. [45] The pyridylcarborane 13 has been used as a precursor to luminescent iridium complexes analogous to the ubiquitous Ir(ppy) 3 dopant emitter. [33] Also other highly luminescent metal complexes have been reported with the pyridylcarborane unit present.
[46] Given that there have been many articles on the observed luminescence of 1-monoalkyl-, 1-monoaryl-and 1,2-diaryl-ortho-carborane derivatives, [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] by contrast 1-monomethyl-ortho-carborane 4, 1-monophenyl-ortho-carborane 7 and 1,2-diphenyl-ortho-carborane 16 were quoted to be non-emissive. [20, 30] 
Results and Discussion

Absorption
The absorption data for 1-17 in cyclohexane, dichloromethane and as sublimed thin films are listed in Table 1 and absorption spectra shown in Figures 1, 2, 3 , and 4 and in Figures S1-S13. Carboranes 1-3 show very weak absorption bands in solutions as reported elsewhere (1: 252 nm with extinction coefficient ε = 0.4 L mol -1 cm -1 in n-hexane; [47] 2: 239 nm with ε = 2.0 L mol -1 cm -1 in n-hexane; [47] 3: 273 nm with ε = 3.2 L mol -1 cm -1 in dichloromethane [48] ). Methyl and trimethylsilyl groups have little influence on the extinction coefficients or absorption maxima when the values for 4-6 are compared with 1. Concentrations in the region of mM were necessary to record these weak bands (ε < 1 L mol -1 cm -1
) in 1-6. Structured bands and higher coefficients (ε = 310-420 L mol -1 cm -1
) were observed in 7 and 8 where π→π* transitions in the phenyl group present are responsible for these bands. [49, 50] The absorption spectra for 9 or 10 showed one unstructured band slope tailing off at ca. 300 nm. Carboranes 11-17 contain bands with higher extinction coefficients (ε = 1200-73850 L mol -1 cm -1 ) reflecting the presence of aryl groups with π→π* transitions. The absorption spectra of sublimed thin films were broad and lacked fine structure with maxima observed in the range of 238-278 nm. Table 2 lists the emission and excitation data and Figures 1, 2 , 3, and 4 and Figures S1-S13 depict emission and excitation spectra for 1-17 except for 6 and 8. The excitation spectra shown here are the profile in the 2D emission-excitation spectra ) combined with low fluorescence intensities result in significant uncertainties.
Emission and Excitation
The parent carboranes 1-3 have not been reported to fluoresce in solutions at ambient temperatures prior to this study. Weak emissions from solutions of high concentrations were observed at 317-342 nm with Stokes shifts of 3970-7470 cm -1 ( Figure 1 and Figure S1 ). The Stokes shift is calculated here as the difference between the low-energy excitation maximum and the high-energy emission maximum. The excitation maxima values are not necessarily the same as the absorption maxima values as the lowest-energy absorption maximum may not be observed. The latter band can be very weak or hidden in the low-energy tail end of a strong absorption band.
While most of the ortho-carborane derivatives follow the general photophysical pattern of 1, there are some exceptions. The two derivatives with Ph 2 P-or 2′-pyridyl groups at both carborane carbon atoms, 12 and 14, contain structured emissions and small Stokes shifts of 210-1870 cm -1 and these emissions are based on local transitions at the aromatic rings. The carborane cluster in both compounds are not active in the radiative pathways here.
Two other exceptions to the general carborane spectra patterns are the 2-pyridylcarboranes 13 and 17, where emissions are observed at different wavelengths. Compound 13 reveals two distinct emissions with the relative band intensities dependent on the excitation wavelengths ( Figure 2 and Figure S14). It is possible that there are two distinct excited states. There is a strong intramolecular interaction between the pyridyl nitrogen atom and the carboranyl hydrogen atom in 13, and these observed states relate to the presence or absence of hydrogen bonding. [51] Emission and excitation measurements on 13 were also carried out in other solvents (Table S1 ). Both emissions were observed with these solvents except for methanol and ethanol, where only the higher-energy emission could be seen. The low-energy emission for 13 does not have the solvatochromism character expected for a CT excited state as the emission wavelengths in some nonpolar solvents are longer than the emission wavelengths in some polar solvents. Negative solvatochromism may be implied, but there is no clear trend between the Stokes shift energies and the solvent polarities.
An ortho-carborane with a 2′-pyridyl-CH(OH)-substituent at C1 has been reported with different emission wavelengths at 349-384 nm in ethanol and 427-492 nm in the solid state. [52] Figure 2. Absorption, emission and excitation spectra for 13 in (a) cyclohexane and (b) dichloromethane solutions with emission measured at 285 nm excitation wavelength and excitation determined at 316 and 314 nm emission wavelength and in (c) cyclohexane and (d) dichloromethane solutions with emission measured at 360 nm excitation wavelength and excitation determined at 493 and 418 nm emission wavelength. (Figure 3 ) is solvent-dependent with an emission maximum at 329 nm in cyclohexane and at 442 nm in dichloromethane. Based on reported photophysical data of other ortho-carboranes, [12, 13, [15] [16] [17] [18] [19] the emission at 329 nm is from local transitions at one or both aryl groups, whereas the emission at 442 nm is a charge transfer involving the carborane cluster. Low-energy emissions of 17 are also observed in toluene (440 nm), chloroform (408 nm) and acetonitrile (426 nm).
Solids of 1-17 were vacuum-sublimed onto quartz slides for photophysical measurements as carried out in our reported 1-borolyl-and 1-boryl-ortho-carborane investigations. [9, 15, 16, 17] No thin-film emissions were observed at room temperatures for the parent carboranes 1-3. Solid-state emissions at ambient temperatures were reported elsewhere for 1 (powder form: 395 nm; [53] silica gel form: 356 nm [5] ), 2 (silica gel: 380 nm [5] ) and 3 (silica gel: 345 nm [5] ). The different results are attributed to the different solid morphologies looked at. No emissions were observed from films of 4-14 either. However, low-energy emissions were observed for the aryl-ortho-carboranes 15-17 ( Figure 4 , Table 3 ) with quantum yields (Φ F ) of 2-9 % and large Stokes shifts of 12000-13600 cm -1 . The effect of the diphenylphosphino (Ph 2 P), phenyl or 2′-pyridyl group at the second carbon atom of the 1-phenyl-ortho-carborane on the emission is reflected in the emission wavelengths: 612 nm for 15, 537 nm for 16 and 476 nm for 17. Such low-energy emissions have been reported in other diaryl-ortho-carboranes and arise from charge transfer involving both the ring and the carborane cluster. [9, 10, 13, 15, 16, 18, 20, [22] [23] [24] [25] [26] The solid-state emission of 1,2-diphenylortho-carborane 16 here is expected as many derivatives containing the diphenyl-ortho-carborane unit emit in the solid state. 
Crystallography
Crystal structures of 14 and 17 were obtained here ( Figure 5 ) to give insight into why there are differences in the photophysical data in these compounds. The two independent molecu- The aryl orientations between these molecules do vary with both rings perpendicular to the C1-C2 plane in 17 (maximising the overlap between the ring π orbital and the antibonding C1-C2 orbital) and may be responsible for the solid-state emission observed only for 17. These findings do not explain the obvious differences in the photophysical data between the two carboranes in solution though. Table 4 lists all experimentally determined C1-C2 bond lengths for carboranes studied where available. [51, [54] [55] [56] [57] [58] [59] [60] [61] While disubstituted ortho-carboranes contain longer C1-C2 bonds than the monosubstituted ortho-carboranes, there is little correlation between these bond lengths and the emission data observed.
Cyclic Voltammetry
Cyclic voltammetry (CV) studies were carried out on carboranes 1-17 to obtain reduction potentials for comparison with observed emission data. No reduction waves were observed for the meta-and para-carboranes 2 and 3 within the acetonitrile solvent window. Only three compounds (14, 16 and 17) showed reversible waves (Table S2) ; therefore, the cathodic wave values for 1 and 4-17 are listed in Table 4 for comparison. It has been shown elsewhere that CV studies of 1, [62] 4, [63] 6, [63] 7 [63] and 12 [64] contain irreversible waves due to either carborane C-H or C-P cleavage, addition of a proton to the dianion formed, spontaneous deboronation of the dianion formed or combinations of these processes. For 4, 11 and 13, cleavage of the carborane C-H bond takes place on reduction. A decomposition process found [63] in the reduction of 6 occurs in the reduction of 8 as well. S-H bond cleavage follows on reduction of 9 based on the reported [65] electrochemical reduction of thiophenol. Cleavage of the carborane C-S bond occurs in 10 and likewise cleavage of the carborane C-P bond in 11 and 15 on the basis of a CV study [64] on related sulfur and phosphorus carboranes.
There is a general relationship between the reduction potentials and the C1-C2 bond lengths as indicated elsewhere. [16, 66] Two groups are identified on this basis, one group with bond lengths of 1.62 (for 1) to 1.67 Å (for 11) gives reduction potentials of -3.09 (for 1) to -2.54 V (for 11), while another group containing longer bonds of 1.68 (for 14) to 1.80 Å (for 10) gives lower reduction potentials of -2.24 (for 8) to -1.74 V (for 17). However, there is little correlation between the emission data and the CV data, which is perhaps expected as reduction potentials only give an estimate for the relative LUMO energies. The energy differences between the HOMOs and LUMOs can be pre- dicted if oxidation waves in these carboranes were observed and the energy differences would have a better correlation with the emission maxima observed.
Of the three carboranes with poorly resolved two-electron reversible waves observed, dipyridyl-ortho-carborane 14 and 1-phenyl-2-(2′-pyridyl)-ortho-carborane 17 are easier to reduce than diphenyl-ortho-carborane 16, [5, [61] [62] [63] 67 ] and 1-phenyl-2-(2′-pyridyl)-ortho-carborane 17. This observation suggests that the carborane moiety is a suitable acceptor in 14 and thus gives charge-transfer emissions. These CT emissions are quenched for 14 in solutions and in the solid state, even though very weak absorption bands are found in the 350 nm region in solutions for 14 ( Figure S15 ).
Conclusions
Our photophysical measurements on the parent carboranes 1-3 and fourteen derivatives 4-17 of ortho-carborane reveal that all -except two (1,2-dimethyl-and 2-methyl-1-phenyl-orthocarboranes 6 and 8, respectively) -are emissive in concentrated solutions (cyclohexane and dichloromethane). However, the vast majority of these compounds give very weak emissions; thus, these carboranes are considered (and have been reported for 4, [30] 7, [30] 12 [44] and 16 [20] ) as non-emissive. The influence of the substituents, Me, SH, SMe and SiMe 3 , on the photophysics of ortho-carborane is subtle, whereas the influence of the aryl groups, Ph, PPh 2 and 2′-pyridyl, is inevitably present with π-π* transitions and/or charge-transfer emissions.
The effect of the 2′-pyridyl group on the photophysics of ortho-carborane is remarkable. The monopyridylcarborane 13 revealed low-and high-energy emissions -arising from two excited states formed from two initial ground states with one involving an intramolecular hydrogen bond. The 1,2-dipyridylcarborane 14 gave a high-energy emission consistent with local ring transitions, while emission of 1-phenyl-2-(2′-pyridyl)-orthocarborane 17 is solvent-dependent affording a high-energy emission (329 nm) in cyclohexane and a low-energy emission (442 nm) in dichloromethane.
Examination of the photophysics on thin films of compounds 1-17 made by sublimation showed that only three were detected to be fluorescent with emission maxima at 612 nm [2-(diphenylphosphino)-1-phenyl-ortho-carborane, 15], 537 nm (1,2-diphenyl-ortho-carborane, 16) and 476 nm [1-phenyl-2-(2′-pyridyl)-ortho-carborane, 17]. While the observed solid-state emission of 16 is expected as many derivatives containing the diphenyl-ortho-carborane unit are luminescent in the solid state, the use of a Ph 2 P-or 2′-pyridyl group in place of one phenyl group is intriguing. Derivatives containing a 2-(diphenylphosphino)-1-phenyl-or a 1-phenyl-2-(2′-pyridyl)carborane unit may also be notably emissive in the solid state and at longer and shorter wavelengths, respectively, compared to the emission wavelength from the diphenylcarborane unit.
Any correlations between the emission maxima of the orthocarboranes studied here with their reduction potentials and their experimental carborane C1-C2 bond lengths were not found. For example, the crystal structures and reduction potentials of 14 and 17 determined here were very similar, yet their emission data were remarkably different. Nevertheless, the photophysical data reported here provide a useful databank for photophysical studies on new carborane-containing derivatives with intriguing luminescence properties carried out here and elsewhere.
Experimental Section
Syntheses: Compounds 1-3 were purchased commercially (KatChem) and purified by repeated sublimations, whereas 4, [68] 5, [69] 6, [68] 7, [69] 8, [70] 9, [71] 10, [71] 11, [72] 12, [73] 13, [74] 14, [74] 15, [72] 16 [75] and 17 [74] were prepared according to literature procedures. 13 Photophysical Measurements: Absorption spectra were measured from 200 to 600 nm (Δλ = 0.5 nm) with a Shimadzu absorption spectrometer. In most cases, the sample concentrations (Table 1) used for the absorption measurements were too low to obtain the excitation-emission spectra. Samples with significantly higher concentrations were therefore used to obtain the excitation-emission spectra. For every substance measurement, a spectrum of the pure solvent was measured to ensure that the cuvette and the solvent were free of any luminescent impurities. The sample was then dissolved directly in the solvent within the cuvette. The samples were generally excited from 230 nm to 430 nm (Δλ = 0.5 nm). The excitation monochromator entrance and exit slits were opened at 3 mm during the measurements. For weak emissions, longer integration times were used for the samples at 230 to 330 nm excitation without lengthening the time of measurement. The emission wavelengths were separated by a grating with 150 lines/mm using a central wavelength of 500 nm. The entrance slits of the emission monochromator were opened at 25 μm. The spectra were measured For the solid-state photophysical measurements, each substance in a flask was sublimed onto quartz plates (35 × 10 × 1 mm) with an operating vacuum pressure of 10 -2 to 10 -3 mbar using a Schlenk vacuum line. The substance at the bottom of the flask was heated to the initial sublimation temperature of the particular carborane (40-150°C region) until a thin film was observed on the plate. Optical densities were not determined as the film thicknesses were variable; thus, normalized data are reported here. While the solid morphologies of the films differ as expected from the crystals of the carborane samples, the observed fluorescence of the carborane crystals and films are identical to the naked eye under a UV lamp (365 nm). The thin-film spectra were detected with an edge filter (360 nm) in front of the emission monochromator to block the excitation light.
Stokes shifts were calculated from the difference between excitation and emission spectra in wavenumbers. When more maxima are observed in excitation and/or emission the most redshifted excitation maximum and the most blueshifted emission maximum are used. The quantum yields in solution were determined against the standard POPOP [1,4-bis(5-phenyloxazol-2-yl)benzene, Φ = 0.93], while quantum yields of the thin films were determined with the integration-sphere setup according to the Mello method. [76] The emission of a thin film was measured in the integration sphere with excitation at 290 nm. The sample was placed in the centre of the sphere where direct excitation takes place for the first measurement (index: X_in). The sample was in a position where only indirect excitation with scattered light takes place for the second measurement (index: X_out). A quartz plate without the sample was also measured (X_LM) as background. The difference in the integrated scattering signal (X) of both sample and background plates gives the absorption (A), while the emission is determined from the integration of the fluorescence signal (E) with the equations as 2 for all data using SHELXTL [77] and OLEX2 [78] software. All non-hydrogen atoms were refined with anisotropic displacement parameters, H atoms were located on the difference map and refined isotropically. In molecule B, the Py ring shows a 0.8:0.2 disorder by 180°rotation around the C2-C8 bond with the major component shown in Figure 5 . Crystal data and experimental details are given in Table S3 . CCDC 1435093 (for 14), and 1435094 (for 17) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
Cyclic Voltammetry: Cyclic-voltammetry measurements were carried out with an EcoChemie Autolab PG-STAT 30 potentiostat at 298 K with a glassy carbon working electrode and platinum wires as counter and reference electrodes in a nitrogen-containing glove box with 0.1 M nBu 4 NPF 6 in acetonitrile. Scan rates of 100 mV s -1 were used. The ferrocene/ferrocenium FcH/FcH + couple served as internal reference at 0.0 V for potential measurements, and peak-peak separations of this couple were generally in the region of 90-110 mV.
Supporting Information (see footnote on the first page of this article): Figures of solution-state absorption spectra for 1-12 and 14-16, emission and excitation spectra for 1-5, 7, 9-12 and 14-16, 2D emission-excitation spectra (EES) for 13 in chloroform, solution-state absorption spectra of 13, 14 and 17 at high concentrations and CV traces for 1 and 4-17; tables of emission data for 13 in various solvents, CV data for 14, 16 and 17 and crystallographic data for 14 and 17.
